In the rice blast fungus Magnaporthe oryzae, the PMK1 mitogen-activated protein (MAP) kinase gene regulates appressorium formation and infectious growth. Its homologs in many other fungi also play critical roles in fungal development and pathogenicity. However, the targets of this important MAP kinase and its interacting genes are not well characterized. In this study, we constructed two yeast two-hybrid libraries of M. oryzae and screened for Pmk1-interacting proteins. Among the nine Pmk1-interacting clones (PICs) identified, two of them, PIC1 and PIC5, were selected for further characterization. Pic1 has one putative nuclear localization signal and one putative MAP kinase phosphorylation site. Pic5 contains one transmembrane domain and two functionally unknown CTNS (cystinosin/ERS1p repeat) motifs. The interaction of Pmk1 with Pic1 or Pic5 was confirmed by coimmunoprecipitation assays. Targeted gene deletion of PIC1 had no apparent effects on vegetative growth and pathogenicity but resulted in a significant reduction in conidiation and abnormal germ tube differentiation on onion epidermal cells. Deletion of PIC5 led to a reduction in conidiation and hyphal growth. Autolysis of aerial hyphae became visible in cultures older than 4 days. The pic5 mutant was defective in germ tube growth and appressorium differentiation. It was reduced in appressorial penetration and virulence on the plant. Both PIC1 and PIC5 are conserved in filamentous ascomycetes, but none of their orthologs have been functionally characterized. Our data indicate that PIC5 is a novel virulence factor involved in appressorium differentiation and pathogenesis in M. oryzae.
Rice blast caused by the heterothallic ascomycete Magnaporthe oryzae (anamorph Pyricularia grisea) is one of the most severe fungal diseases of rice throughout the world (36, 41) . The fungus uses the enormous turgor pressure generated inside a highly specialized infection structure known as appressorium (AP) for plant penetration (6, 11) . After penetration, the bulbous invasive hyphae grow biotrophically inside plant cells (31) . At late stages, blast lesions are developed on rice plants, and the pathogen produces numerous conidia to reinitiate the infection cycle.
In the past 2 decades, several signal transduction pathways involved in surface recognition, appressorium formation, and infectious growth have been characterized in M. oryzae (5, 36, 42) . The cyclic AMP (cAMP) signaling pathway is known to be important for surface recognition and appressorium turgor generation (25, 37, 45) . The PMK1 mitogen-activated protein (MAP) kinase gene plays an important role in appressorium development and infectious growth. PMK1 is orthologous to the FUS3 and KSS1 genes in Saccharomyces cerevisiae. The pmk1 deletion mutant is defective in appressorium formation and infectious growth, but it still recognizes hydrophobic surfaces and responds to exogenous cAMP (43) . Another MAP kinase (MAPK) gene essential for plant infection in M. oryzae is MPS1 (44) , an ortholog of S. cerevisiae SLT2. The mps1 mutant is nonpathogenic and defective in appressorial penetration (44) . Deletion of MCK1, an MEK kinase gene functioning upstream from Mps1, resulted in similar defects with the mps1 mutant (13) . Studies in other plant pathogenic fungi, including Fusarium graminearum, F. oxysporum, Ustilago maydis, Cochliobolus heterostrophus, Claviceps purpurea, and Colletotrichum lagenarium, also have shown the importance of the cAMP signaling and MAP kinase pathways in regulating different plant infection processes (1a, 7, 12, 17, 22, 24, 26, 32, 35, 40, 52) .
In M. oryzae, a number of upstream components involved in the activation of Pmk1 MAP kinase have been identified, including the MST50, MST11, MST7, MGB1, and RAS2 genes (27, 29, 48) . Mst50 functions as an adaptor protein that binds with both the Mst7 MEK and Mst11 MEK kinases. Mst7 also directly interacts with Mst11 in yeast two-hybrid and coimmunoprecipitation (co-IP) assays (48) . However, the interaction of Pmk1 with Mst7, Mst11, or Mst50 was not detectable in yeast two-hybrid assays (48) . In co-IP assays with proteins isolated from appressoria, Mst7 and Pmk1 interact with each other via the MAP kinase docking site and docking region. Therefore, it has been hypothesized that the Mst7-Pmk1 interaction is relatively transient and that the weak interaction between Mst7 and Pmk1 may be stabilized or facilitated by additional components of the Pmk1 MAP kinase pathway during appressorium formation (50) .
Of the downstream targets of Pmk1, to date Mst12 is the only transcription factor that is known to weakly interact with Pmk1 in yeast two-hybrid assays (30) . Unlike PMK1, MST12 is dispensable for appressorium formation. However, appressoria formed by the mst12 mutant fail to penetrate and infect rice seedlings. The mst12 mutant is defective in appressorial penetration and cytoskeleton reorganization in mature appressoria (28) . Studies in C. lagenarium also indicate that CST12 is dispensable for appressorium formation but essential for plant infection (38) . In U. maydis, the Prf1 transcription factor gene functions downstream from both the cAMP signaling and MAP kinase pathways (14) . However, M. oryzae and other filamentous ascomycetes lack a distinct homolog of Prf1.
To further characterize the PMK1 MAP kinase pathway, in this study we constructed two yeast two-hybrid libraries and screened for genes that interacted with Pmk1. Two of the Pmk1-interacting genes, PIC1 and PIC5, were selected for detailed characterization. Results from this study indicate that some of these Pmk1-interacting clones may be involved in surface attachment and appressorium morphogenesis in M. oryzae.
infection assays, conidia were resuspended to 5 ϫ 10 4 conidia/ml in 0.25% gelatin. Two-week-old seedlings of rice cultivar Nipponbare and 8-day-old seedlings of barley cultivar Golden Promise were used for spray or injection inoculation (28, 39) .
The PIC1 and PIC5 gene replacement constructs and mutants. The ligation PCR approach (51) was used to generate the PIC1 and PIC5 gene replacement constructs. Approximately 1-kb upstream and downstream flanking sequences of PIC1 were amplified by PCR with primer pairs PIC1UF (5Ј-GCTGGTTGTGTAC CGATACTG-3Ј)/PIC1UR (5Ј-TCAGGCGCGCCAAAGCGACTGAGCTGATC AC-3Ј) and PIC1DF (5Ј-TCAGGCCGGCCGATGAGCCAAAGCTGGAGAAG-3Ј)/PIC1DR (5Ј-GTAGCCCTGCTGCCAGATCCAAG-3Ј), respectively. The flanking sequences of PIC5 were amplified with primer pairs PIC5UF (5Ј-CCGAC ACCAAGCAGTTGATGT-3Ј)/PIC5UR (5Ј-TCAGGCGCGCCCTTGTGTGTA ATCGGCTGTAC-3Ј) and PIC5DF (5Ј-TCAGGCCGGCCTCCTGACTGTAATA GAGTGCG-3Ј)/PIC5DR (5Ј-CGAGATAGTCTTGGTAGTTTG-3Ј). The resulting PCR products of PIC1 or PIC5 were digested with FseI or AscI and ligated with the hph cassette released from pCX63 (51) . The PIC1 and PIC5 gene replacement constructs were amplified from the ligation products and transformed into protoplasts of strain 70-15 (3). Putative pic1 and pic5 mutants were identified by PCR and further confirmed by Southern blot analyses. For complementation assays, the full-length PIC1 and PIC5 genes were amplified and cloned into the bleomycinresistant vector pYP1 (47) by the yeast in vivo recombination approach (2) and transformed into the pic1 and pic5 mutants, respectively. The PIC1 and PIC5 genes were fused in frame with the GFP reporter gene carried on vector pYP1 (47) .
Generation of the PIC1-GFP and PIC5-GFP fusion constructs. For generating the PIC1-GFP and PIC5-GFP fusion constructs, 2.3-kb and 4.4-kb fragments of the PIC1 and PIC5 genes containing the promoter regions, respectively, were amplified and cotransformed with XhoI-digested pKB04 into S. cerevisiae strain XK1-25 (2) . Plasmids pHZ10 and pHZ11 were rescued from Trp ϩ yeast transformants and confirmed by sequencing analysis to contain the in-frame PIC1-GFP and PIC5-GFP fusion constructs. Zeocin-resistant transformants were isolated after transformation of the pic1 and pic5 mutants with pHZ10 and pHZ11, respectively. The resulting transformants were examined for GFP signals under an epifluorescence microscope and the expression of full-length GFP fusion proteins with a monoclonal anti-GFP antibody (Roche, Indianapolis, IN).
RESULTS

Construction of yeast two-hybrid libraries.
RNA samples isolated from vegetative hyphae grown under nitrogen starvation conditions and appressoria formed on hydrophobic surfaces (36 h) were used to construct the yeast two-hybrid cDNA libraries. The nitrogen starvation (ϪN) and appressorium (AP) libraries consisted of 5.7 ϫ 10 9 and 1.25 ϫ 10 10 PFU/ml primary clones, respectively. The average insertion sizes were estimated to be 0.70 kb and 0.83 kb, respectively. Both libraries were amplified and preserved at Ϫ80°C.
PIC1 and PIC5 interact with PMK1. For library screening, the PMK1 bait construct pCX38 was cotransformed into yeast strain YRG-2 with plasmid DNA isolated from amplified ϪN and AP cDNA libraries. A total of 9 Pmk1-interacting clones (named PICs) ( Table 1) were identified and confirmed by retransformation into yeast. Five of them encode hypothetical proteins with no known functional domains. One of them, PIC8, encodes a protein homologous to nmrA of Aspergillus nidulans that is a negative regulator of nitrogen metabolism (33) . PIC9 is similar to the ribosome organization protein gene BRX1 in S. cerevisiae (9) .
Two of them, PIC1 (MGG_11168.6) and PIC5 (MGG_08600.6), were selected for further characterization in this study. In yeast two-hybrid assays, both PIC1 and PIC5 strongly interacted with PMK1 (Fig. 1A) . PIC1 encodes an 832-amino-acid protein that contains one putative nuclear localization signal (NLS) and one putative MAP kinase phosphorylation site. PIC5 encodes a 271-amino-acid protein that has one transmembrane (TM) domain and two putative CTNS (cystinosin/ERS1p repeat) motifs (IPR006603). The function of the CTNS motif is not clear. It was defined by the repetitive motif present between the transmembrane helices of the cystinosin protein encoded by the human CTNS gene. Both PIC1 and PIC5 are conserved in filamentous ascomycetes but lack distinct homologs in the budding or fission yeast. The Pic1 protein shares 19% and 21% identity with its homologs from Neurospora crassa and F. graminearum, respectively. Compared with PIC1, PIC5 homologs are more conserved in filamentous ascomycetes. Its homologs from N. crassa and F. graminearum share 70% and 65% identity, respectively, with Pic5.
To confirm the interaction of Pmk1 with Pic1 and Pic5, the PIC1-3xFLAG and PIC5-3xFLAG constructs were generated and transformed into the wild-type strain 70-15. Transformants HZA6 and HZB8, expressing the PIC1-3xFLAG and PIC5-3xFLAG constructs, respectively, were identified by PCR and confirmed by Western blot analysis with an anti-FLAG antibody (data not shown). When detected with an anti-Pmk1 antiserum (2), total proteins isolated from transformants HZA6 and HZB8 had a 42-kDa band of the expected Pmk1 size (Fig. 1B) . In proteins eluted from anti-FLAG M2 beads, the same band was detected with the anti-Pmk1 antibody but its intensity was much higher in transformant HZA6 than in transformant HZB8 (Fig. 1B) . Because the Pmk1 band had similar intensities in total proteins isolated from HZB8 and HZA6, results from the co-IP assays indicate that Pmk1 interacted with both Pic1 and Pic5 in vivo but that the interaction between Pic5 and Pmk1 may be relatively weaker than the Pic1-Pmk1 interaction.
Targeted gene deletion of PIC1 and PIC5 in M. oryzae. To determine their functions in M. oryzae, the PIC1 and PIC5 gene replacement constructs ( Fig. 2A and B) were generated and transformed into strain 70-15. Three putative deletion mutants of each gene (Table 2) were identified and further confirmed by Southern blot analysis. When hybridized with a PIC1 fragment (probe 1), 70-15 had a single 8.4-kb KpnI band that was absent in pic1 mutants GA14, GA15, and GA22 ( Fig. 2A ). When hybridized with the hygromycin phosphotransferase (hph) gene (probe 2), a 7.0-kb band was detected in transformants GA14, GA15, and GA22 but not in 70-15 ( Fig. 2A) .
Similar approaches were used to identify and confirm the pic5 deletion mutants ML4, ML12, and ML13 (Table 2) . When Southern blots of genomic DNA samples digested with BamHI were hybridized with a PIC5 fragment (probe 3), 70-15 had a 6.5-kb band that was absent in the pic5 mutants ML4, ML12, and ML13 (Fig. 2B ). When hybridized with the hph gene as the probe, the pic5 mutants had a 7.0-kb BamHI band that was absent in 70-15 ( Fig. 2B) .
PIC1 is dispensable for growth and virulence but plays a role in conidiation. All three pic1 mutants had similar phenotypes, although only data for GA15 and GA22 are presented below. The pic1 mutant had a normal growth rate and produced typical grayish colonies on oatmeal agar plates (Fig. 2C ). Conidium morphology was normal, but conidiation was reduced approximately 74% in the pic1 mutant compared with the wild type (Table 3) . When assayed for appressorium formation on artificial hydrophobic surfaces, mutant GA22 had FIG. 1. Yeast two-hybrid and co-IP assays for the interaction of PMK1 with PIC1 and PIC5. (A) Yeast transformants expressing the PMK1 bait and PIC1 or PIC5 prey constructs were assayed for growth on SD-Leu-Trp-His (SD-His) plates and ␤-galactosidase (LacZ) activities. Positive and negative controls are marked with ϩ and Ϫ. (B) Western blot analysis with total proteins isolated from M. oryzae transformants expressing the PIC1-3xFLAG and PIC5-3xFLAG constructs and proteins eluted from the anti-FLAG M2 beads. The presence of Pmk1 was detected with an anti-Pmk1 antibody (2) . Total proteins isolated from the wild-type M. oryzae strain (70-15) and detection with an anti-actin antibody were included as controls. no defects in germination and formed normal appressoria. However, on onion epidermal cells, many of the pic1 conidia produced more than one appressorium on either branched germ tubes or multiple germ tubes that emerged from the same conidium compartment (Fig. 3A) . Under the same conditions, this phenomenon was rarely observed in the wild type. Nevertheless, the pic1 mutant had no obvious changes in virulence. On rice leaves sprayed with pic1 conidia, similar amounts of blast lesions were observed 7 days postinoculation (dpi) on leaves sprayed with the wild-type and pic1 mutant strains (Fig. 3B) .
The pic5 mutant is defective in colony morphology and appressorium differentiation. Unlike the pic1 mutant, the pic5 mutant had defects in colony morphology. Although only data for ML4 are presented below, the three pic5 mutants (Table 1 ) generated in this study had similar phenotypes. When cultured on oatmeal agar plates, the pic5 mutant had a reduced growth rate (Table 3) . It also was reduced in the production of aerial hyphae (Fig. 2C ) and conidiation (Table 3) . After 4 days, autolysis of aerial hyphae was observed in the pic5 mutant (Fig.  2C) , indicating that the pic5 mutant had defects in cell wall integrity. To confirm this observation, we tested the sensitivity of vegetative hyphae of the pic5 mutant to cell-wall-degrading enzymes. After digestion with 5 mg/ml lytic enzyme for 40 min, (Fig. 2D) . Under the same conditions, the wild type produced fewer spheroplasts and still had many hyphae or hyphal fragments (Fig. 2D) , indicating increased sensitivity to lytic enzyme in the pic5 mutant. When assayed for appressorium formation on glass coverslips, 79.3% Ϯ 7.0% of pic5 conidia were defective in appressorium formation (Fig. 4A) . Chains of appressoria or appressorium-like structures were formed on germ tubes, which may be derived from appressoria formed on germinating appressoria. In the wild type, melanized appressoria were formed apically on the unbranched germ tubes (Fig. 4A) . Under the same conditions, no further growth or germination from appressoria formed on hydrophobic surfaces were observed in the wild type. Germ tube growth and appressorium formation also were abnormal in the pic5 mutant on the surface of onion epidermal cells (Fig. 4A) . We then assayed appressorium formation on artificial surfaces treated with exogenous cAMP, a cutin monomer, and bee waxes. Germ tube growth and appressorium formation became normal in the pic5 mutant in the presence of 5 mM cAMP (Fig. 4B) . Treatments with 10 M 1,16 hexadecanediol and bee waxes had no obvious effects on the defects of the pic5 mutant in appressorium formation (Fig. 4B) . These results indicate that the pic5 mutant may be defective in surface attachment and sensing for chemical and physical signals of plant surface. This defect could be suppressed by cAMP treatment that may increase the intracellular cAMP level and bypass the recognition for surface signals.
The pic5 mutant is reduced in virulence on the plant. To determine whether PIC5 is involved in plant infection, rice seedlings were sprayed with conidia from the pic5 mutant. On leaves inoculated with conidia of the wild-type 70-15 and complemented transformant MF2 (pic5/PIC5), similar numbers of typical rice blast lesions were formed 7 dpi (Fig. 5A) . Under the same conditions, only a few lesions were observed on rice leaves sprayed with conidia of the pic5 mutant (Fig. 5A) . To further confirm these observations, we repeated infection assays with barley seedlings. While barley leaves sprayed with 70-15 and complemented strain MF2 developed abundant lesions 6 dpi, only a few lesions were observed on barley leaves inoculated with the pic5 mutant (Fig. 5B) . Similar results were obtained in injection infection assays. On leaves inoculated with the same amounts of conidia, the wild type caused more lesions than did the pic5 mutant surrounding the wounding sites (Fig. 5C ). These data indicate that the deletion of PIC5 results a significant reduction in virulence. The PIC5 gene plays an important role in appressorium penetration. Because the pic5 mutant formed appressoria but had a reduced virulence, we assayed appressorial penetration in the pic5 mutant. On the surface of rice leaf sheaths, melanized appressoria were formed by the pic5 mutant. However, similar to what was observed on artificial surfaces, the pic5 mutant often formed chains of appressoria or appressorium-like structures (Fig. 6) . While the majority of the appressoria formed by the wild-type 70-15 and complemented transformant MF2 penetrated epidermal cells of rice leaf sheaths and formed branching invasive hyphae at 48 h (Fig. 6) , successful penetration and development of invasive hyphae were rarely observed in the pic5 mutant (Table 3 ; Fig. 6 ). Similar results were obtained in penetration assays with onion epidermal cells (data not shown). Appressoria formed by the pic5 mutant appeared to be defective in appressorial penetration and differentiation of invasive hyphae, which may be related to the reduction in the virulence.
Expression and subcellular localization of PIC1-GFP and PIC5-GFP fusion proteins. To determine their expression profiles, we generated PIC1-GFP and PIC5-GFP fusion constructs and transformed them into the pic1 and pic5 knockout mutants GA22 and ML4, respectively. On Western blots of proteins isolated from transformants expressing the PIC1-GFP and PIC5-GFP fusion constructs, 118-kDa and 56-kDa bands of the predicted Pic1-GFP and Pic5-GFP fusion proteins, respectively, were detected with an anti-GFP antibody (data not shown). These results demonstrated that full-length Pic1-GFP and Pic5-GFP fusion proteins were expressed in these transformants. In the PIC1-GFP transformant MC93 (Table 2) , weak GFP signals were observed in the vegetative hyphae, conidia, appressoria, and invasive hyphae (data not shown). Transformant MC93 was normal in conidiation (Table 3 ) and appressorium formation on onion epidermal cells (data not shown), indicating that the expression of PIC1-GFP complemented the defects of the pic1 mutant. However, no specific subcellular localization pattern was observed for the Pic1-GFP fusion proteins.
In transformant MF2 (Table 2) , expressing the PIC5-GFP construct, GFP signals were detected in the cytoplasm of vegetative hyphae (Fig. 7A) , germinating conidia, and young germ tubes (Fig. 7B) . On hydrophobic surfaces, single melanized appressoria were formed apically on germ tubes of transformant MF2, indicating that the expression of PIC5-GFP complemented the defects of the pic5 mutant in appressorium formation. By 8 h, fluorescent signals were still visible in the germ tubes and conidia but significantly enhanced in young appressoria. By 24 h, faint GFP signals were still observed in the cytoplasm of mature appressoria but not in the germ tubes or conidia (Fig. 7B) . Unlike Pmk1 (2), nuclear localization was not observed in the PIC1-GFP and PIC5-GFP transformants MC93 and MF2. We also examined GFP signals in invasive hyphae formed by transformant MF2 in onion epidermal cells. No specific distribution patterns could be recognized, although weak fluorescent signals appeared to be in the cytoplasm of invasive hyphae (Fig. 7C) .
DISCUSSION
In M. oryzae, the PMK1 MAP kinase pathway is important for appressorium formation and plant infection (43, 49) . PMK1 is constitutively expressed but its expression is increased during appressorium formation and young conidium development (2). The Pmk1-GFP fusion protein localizes to the nucleus in appressoria. To further characterize the Pmk1 pathway, in this study we constructed yeast two-hybrid libraries and identified nine putative Pmk1-interacting genes. Whereas six of the PIC genes were isolated from the appressorium library, two were identified in the nitrogen starvation library. PIC1 was the only one that that was identified in both libraries. Four of these genes, PIC2, PIC4, PIC7, and PIC9, have one putative MAP kinase docking site. Some of these proteins may be involved in stimulating or stabilizing the Mst7-Pmk1 interaction during appressorium formation. In these screens, the upstream MST7 MEK and downstream MST12 transcription factor were not identified as Pmk1-interacting clones. It has been reported that the Pmk1-Mst7 interaction was not detectable in yeast twohybrid assays (48) . For Mst12, its weak interaction with Pmk1 (30) may be too transient to be detected in the yeast two-hybrid library screening. However, it is also possible that Pmk1 interacts only with full-length Mst12. The average insert size of these two yeast two-hybrid libraries is less than 0.9 kb, which is smaller than the 2,148-bp MST12 open reading frame (ORF).
The difference in the phenotypes of the pmk1 and mst12 mutants has led to the hypothesis that additional transcription factors other than MST12 must exist in M. oryzae for regulating appressorium formation. Unfortunately, no putative transcription factor genes other than the nmrA ortholog were identified among the PIC genes. Pic1 is the only one with a putative NLS but it lacks a DNA binding motif. For the nmrA ortholog, its function in nitrogen metabolism and interaction with Pmk1 remain to be determined. Several transcription factor genes have been reported to play critical roles in appressorium formation in M. oryzae (15a, 27a) . However, none of them has been shown to be functionally related to the Pmk1 pathway. Although the pth12 and con7 mutants were reported to fail to form appressoria (15a, 27a), deletion of PTH12 or CON7 in Guy11 or 70-15 in our laboratory resulted in a reduction in appressorium formation and virulence but did not block appressorium formation (J.-R. Xu, unpublished data). Transcription factors regulated by Pmk1 for appressorium formation may be expressed at a relatively low level, or their association with PMK1 is too transient to be identified in yeast two-hybrid assays.
The PIC1 and PIC5 genes were selected for functional characterization because they had the strongest interaction with PMK1 in yeast two-hybrid assays. In co-IP assays, the interaction of Pmk1 with PIC1 and PIC5 was confirmed. Although their interactions with Pmk1 were similar in yeast two-hybrid assays, PIC1 appeared to have a stronger interaction with Pmk1 than did PIC5 in co-IP assays (Fig. 1B) . Structurally, PIC1 and PIC5 lack any common domains or motifs. While Pic1 has one putative NLS and one putative MAPK phosphorylation site, Pic5 contains one transmembrane domain and two CTNS motifs. Both PIC1 and PIC5 lack distinct homologous genes in the fission and budding yeasts, but their homologs are well conserved in filamentous ascomycetes that have been sequenced, including N. crassa and F. graminearum (4, 10) . However, none of the PIC1 and PIC5 homologs have been functionally characterized in fungi. PIC5 shares limited homology (mainly in the PQ-loop repeats) with the mannose-P-dolichol utilization defect 1 protein of mammalian cells (34) .
Unlike the pmk1 mutant (43), the pic1 and pic5 mutants still produced melanized appressoria. For the pic1 mutant, no obvious defects were observed in plant infection and appressorium formation on artificial surfaces. Interestingly, germ tubes of the pic1 mutant tended to branch and form multiappressoria on onion epidermal cells. In the mst11 ⌬RAD mutant of M. oryzae, germ tubes that formed appressoria often branch and form additional appressoria (48) . One hypothesis is that deletion of the RAS association domain (RAD) may result in the defect of the feedback inhibition of germ tube branching and the formation of additional appressoria when one appressorium is formed on the germ tube tips. The PIC1 gene may function downstream from Pmk1 and play a role in this feedback inhibition. However, the formation of branching germ tubes and multiple appressoria in the mst11 ⌬RAD mutant (48) is not a surface-dependent event. The difference between artificial hydrophobic surfaces and onion epidermal cells may be related to surface hydrophobicity, hardness, and chemical signals that are known to play key roles in inducing appressorium formation. Therefore, it will be interesting to further characterize the defects of the pic1 mutant in the production of multiple appressoria.
The pic5 mutant was defective in appressorium formation on both plant and artificial surfaces (Fig. 4A) . The vast majority (Ͼ70%) of appressorium-like structures appeared to germinate and form other appressoria by 24 h (Fig. 4) . To our knowledge, no mutants with similar defects have been reported in M. oryzae. PIC5 may function in the terminal commitment of deformed germ tubes to form appressoria that are arrested in the G 1 stage. Deletion of PIC5 may result in a defect in G 1 arrest and failure to prevent the further growth or germination of developing appressoria. However, it is also possible that appressoria formed by the pic5 mutant failed to attach tightly to the surface. Appressorium formation was aborted when the internal turgor lifted up the developing appressorium, which resulted in further growth. Treatments with bee waxes and a cutin monomer had no effect on the defect of the pic5 mutant in appressorium formation, further indicating that that PIC5 may be involved in surface attachment but not in the recognition of physical or chemical signals of the surface. When treated with cAMP, that is, in contrast to cutin monomers or waxes, an intracellular messenger rather than an extracellular signal, appressorium formation became normal in the pic5 mutant. The difference between cAMP and cutin monomers or waxes is that the former is an intracellular messenger, not an extracellular signal molecule. Unlike the pic5 mutant, which formed chains of appressorium-like structures, the pmk1 mutant was blocked in appressorium formation on artificial hydrophobic surfaces (43) . However, the pmk1 mutant still responds to cAMP treatment. On hydrophilic surfaces, exogenous cAMP stimulates the formation of subapical swollen bodies in the pmk1 mutant (43) . In M. oryzae, cAMP signaling may be involved in both surface attachment and surface sensing.
Unlike the pic1 mutant, the pic5 mutant displayed a significant reduction in plant penetration and virulence. Appressorium penetration efficiency was reduced to 6.5% in the pic5 mutant. In comparison with the wild type and the comple-mented transformant, the pic5 mutant was reduced approximately 6-fold in terms of the number of lesions formed on rice or barley leaves. Because turgor generation is dependent on the carbon reserve in conidium compartments, the formation of chains of appressoria or appressorium-like structures will reduce appressorium turgor and penetration efficiency. Therefore, the reduction of the pic5 mutant in virulence may be directly related to its defects in appressorium formation and penetration. However, the pic5 mutant has a reduced growth rate. It remains possible that PIC5 also plays a role in the differentiation and growth of invasive hyphae after penetration. In M. oryzae, both PMK1 and MST12 are known to be essential for infectious growth.
Colonies of the pic5 mutant produced fewer aerial hyphae and underwent autolysis in cultures older than 10 days (Fig.  2C) . Vegetative hyphae of the mutant also had increased sensitivity to lytic enzyme (Fig. 2D) , suggesting that deletion of PIC5 resulted in a defect in cell wall integrity. In M. oryzae, the MPS1 MAP kinase cascade is known to be important for regulating cell wall integrity and plant infection (13, 42) . However, deletion of RLM1, one of its downstream transcription factors, had no obvious cell wall defects (23) . It is possible that PIC5 is also functionally related to MPS1. Further characterization of the PIC5 gene may lead to better understanding of possible cross talk between the PMK1 and MPS1 pathways.
In transformants expressing the PIC1-GFP and PIC5-GFP fusion constructs, weak GFP signals could be detected in vegetative hyphae, conidia, germ tubes, appressoria, and invasive hyphae. PIC1 and PIC5 appeared to have similar expression patterns. However, PIC1 was identified in both the ϪN and AP libraries but PIC5 was isolated only in the AP library. The expression level of PIC5 may be relatively low in vegetative hyphae. In M. oryzae, PMK1 is constitutively expressed, but its expression is increased during appressorium formation (2). Pmk1-GFP fusion proteins localize to the nucleus during appressorium formation. In PIC1-GFP and PIC5-GFP transformants, nuclear localization of GFP signals was not observed in conidia, appressoria, or vegetative or invasive hyphae. Pic5 has one putative transmembrane domain. However, GFP signals were mainly observed in the cytoplasm in the pic5/PIC5-GFP transformant. The interaction between Pmk1 and Pic5 likely occurs in the cytoplasm, which may interfere with the localization of Pmk1 to the nucleus. Unlike Pic5, Pic1 has a putative nucleus localization signal. Our results indicate that the predicted NLS of Pic1 is not functional or that Pic1 localizes to the nucleus only at a specific stage.
Overall, although PIC1 and PIC5 are dispensable for the initiation and formation of melanized appressoria, both of them appear to be involved in the late stages of appressorium formation. PIC1 may be involved in the feedback inhibition of germ tube branching or the production of secondary germination from the same conidium compartment after the formation of an appressorium apically under certain conditions. PIC5 is important for arresting the further growth of appressoria or preventing appressoria from germinating. In addition, PIC5 may be functionally related to the PMK1 MAP kinase in infectious growth after penetration. These results indicate that isolating and characterizing the PMK1-interacting genes are a useful approach to identify genes important for appressorium formation and function. It will be interesting to further characterize other PIC genes and to determine their functional relationship with Pmk1.
